REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 

regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 

Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  OMB  control  number. 


PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

16-07-2008 

2.  REPORT  TYPE 

New  Reprint 

3.  DATES  COVERED  (From  -  To) 

1 -Jan-2007  -  31 -Dec-2007 

4.  TITLE  AND  SUBTITLE 

Holographically  fabricated  photonic  crystals  with  large  reflectance, 

Applied  Physics  Letters,  91,  241103  (1-3)  (2007). 

5a.  CONTRACT  NUMBER 

DAAD 19-03- 1-0227 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

611103 

6.  AUTHORS 

Y.  C.  Chen,  J.  B.  Geddes  III,  J.  T.  Lee,  P.  V.  Braun  and  P.  Wiltzius 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRE: 

University  of  Illinois  -  Urbana  -  Champaign 
Office  of  Sponsored  Programs 
1901  S.  First  Street 

Champaign,  IL  61820  - 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.Box  12211 

Research  Triangle  Park,  NC  27709-2211 

12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  public  release;  Federal  purpose  rights 

13.  SUPPLEMENTARY  NOTES 
The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  hy  other  documentation. 

14.  ABSTRACT 

We  report  reflection  and  transmission  spectra  from  three-dimensional  polymer  photonic  crystals  fabricated  by  holographic 
lithography.  The  measured  peak  reflectance  matches  that  predicted  by  both  a  finite-difference  time-domain  method  a  simple 
transfer  matrix  theory  and  is  70%,  significantly  higher  than  previous  reports  of  30%  reflectance. 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

ABSTRACT 

SAR 

15.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

Paul  Braun 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

19b.  TELEPHONE  NUMBER 

217-244-7293 

Standard  Form  298  (Rev  8/98) 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

451 05-MS-MUR.84 


Prescribed  by  ANSI  Std.  Z39. 1 8 


Report  Title 

Holographically  fabricated  photonic  crystals  with  large  reflectance,  Applied  Physics  Letters,  91,  241 103  (1-3) 
(2007). 


ABSTRACT 

We  report  reflection  and  transmission  spectra  from  three-dimensional  polymer  photonic  crystals  fabricated  by  holographic  lithography.  The 
measured  peak  reflectance  matches  that  predicted  by  both  a  finite-difference  time-domain  method  a  simple  transfer  matrix  theory  and  is 
70%,  significantly  higher  than  previous  reports  of  30%  reflectance. 


APPLIED  PHYSICS  LETTERS  91,  241103  (2007) 


Holographically  fabricated  photonic  crystals  with  large  reflectance 

Y.  C.  Chen,3'  J.  B.  Geddes  III,  J.  T.  Lee,a)  P.  V.  Braun, a)  and  P.  Wiltziusa),b) 

Beckman  Institute  for  Advanced  Science  and  Technology,  University  of  Illinois  at  Urbana-Champaign, 

Urbana,  Illinois  61801,  USA 

(Received  31  August  2007;  accepted  12  November  2007;  published  online  10  December  2007) 

We  report  reflection  and  transmission  spectra  from  three-dimensional  polymer  photonic  crystals 
fabricated  by  holographic  lithography.  The  measured  peak  reflectance  matches  that  predicted  by 
both  a  finite-difference  time -domain  method  a  simple  transfer  matrix  theory  and  is  —70%, 
significantly  higher  than  previous  reports  of  —30%  reflectance.  ©  2007  American  Institute  of 
Physics.  [DOI:  10.1063/1.2820449] 


Holographic  lithography  is  one  of  the  most  promising 
techniques  for  the  fabrication  of  three-dimensional  (3D)  pho- 
tonic  crystals.  ’  In  this  method,  the  periodic  patterns  of  the 
crystals  are  generated  and  recorded  in  photosensitive  materi¬ 
als  via  interference  of  multiple  coherent  laser  beams.  This 
technique  is  attractive  due  to  its  versatility  in  creating  differ¬ 
ent  crystalline  symmetries  and  bases,  facilitating  the  experi- 
mental  demonstration  of  various  structures/  Holographi¬ 
cally  defined  polymer  photonic  crystals  can  serve  as 
templates  for  subsequent  deposition  of  high  refractive  index 
materials  for  applications  requiring  a  pseudo-  or  a  complete 
photonic  band  gap.  ’  To  incorporate  functionality  using  the 
band  gap,  controlled  defects  can  be  placed  into 
the  crystals  via  multiphoton  polymerization  either  by  using 
the  same  photoresist  before  hologram  development  or  by 
infiltrating  the  developed  structure  with  other  recordable 
media.1011 

Holographic  photonic  crystals  are  expected  to  exhibit 
excellent  optical  properties  due  to  their  large  areas  and 
defect-free  nature.  However,  reported  reflectances  of  typical 
fabricated  crystals  are  not  as  high  as  expected  from  theoret¬ 
ical  considerations,  only  about  30%  for  polymeric 
templates,8’9’12’13  while  reflectances  from  self-assembled  col¬ 
loidal  crystals  can  exceed  70%. 14  The  moderate  optical  re¬ 
sponse  of  the  polymer  holograms  sets  an  upper  bound 
on  the  optical  properties  of  structures  and  optical  compo¬ 
nents  formed  via  replication  with  high  dielectric  constant 
materials. 

In  this  letter,  we  present  a  significant  improvement  to  the 
optical  response  of  holographically  fabricated  photonic 
crystals — manifested  as  an  increase  in  reflectances.  Theoret¬ 
ical  reflectance  spectra  were  calculated  with  both  a  finite- 
difference  time-domain  (FDTD)  method  and  a  simple  one¬ 
dimensional  (ID)  transfer  matrix  method  based  on  the 
theoretical  structure  found  from  optical  measurements  and 
scanning  electron  microscopy  (SEM).  The  calculated  spectra 
match  well  with  experimental  spectra,  indicating  that  good 
crystal  quality  is  achieved.  We  also  demonstrate  that  the  ID 
transfer  matrix  method  is  several  orders  of  magnitude  faster 
than  FDTD  and  is  a  useful  tool  when  a  full  FDTD  computa¬ 
tion  is  not  practical. 

A  continuous- wave,  frequency-doubled  Nd:  YV04  laser 
(532  nm)  was  used  for  holographic  exposure.  The  laser  beam 
was  split  into  four  of  equal  intensity  and  arranged  in  an  “um- 
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brella”  geometry."  To  compensate  for  resist  shrinkage  per¬ 
pendicular  to  the  substrate,  we  chose  to  create  an  elongated 
interference  pattern. 1:1  The  angle  between  the  central  beam 
and  the  side  beams  was  58.78°  in  air,  corresponding  to 
32.15°  inside  the  unexposed  photoresist  with  refractive  index 
of  1.607  at  532  nm,  as  determined  by  spectroscopic  ellip- 
sometry.  Prism  coupling  was  not  necessary  for  this  setup. 
The  central  beam  was  circularly  polarized,  and  the  side 
beams  were  linearly  polarized  in  their  incident  planes.4  The 
photoresist  had  a  0.3  wt  %  solid  content  of  photoinitiator 
benzenecyclopentadienyliron(II)  hexafluorophosphate  (Aid- 
rich)  and  the  remainder  SU8  monomer.  It  was  spun  coated 
onto  a  glass  substrate  which  previously  had  been  coated  with 
a  0.75  pm  cured  SU8  layer  for  adhesion  promotion.  The  film 
was  exposed  with  a  60-90  J  cm"2  (2-3  s)  dose  over  a  spot 
size  of  4  mm.  After  exposure,  it  was  postbaked  at  85  °  C  for 
25  min  in  dry  air  then  developed  in  propylene  glycol  methyl 
ether  acetate  for  2  h  followed  by  rinsing  in  isopropanol  and 
super  critically  drying  with  C02. 

The  developed  structure  has  fee -like  symmetry  with  the 
(111)  plane  parallel  to  the  substrate.  Figure  1(a)  presents  a 
cleaved  cross  section  and  Figs.  1(b)  and  1(c)  cross  sections 
were  exposed  using  focused  ion  beam  milling  (FIB).  To 
prevent  polymer  deformation  during  ion  milling,  the  sample 
was  coated  with  a  2  nm  layer  of  AI2O3  by  atomic  layer 
deposition. 

Figure  2(a)  shows  optical  spectra  taken  from  the  fabri¬ 
cated  crystal  with  Fourier-transform  infrared  spectroscopy. 
The  reflectance  measurement  was  normalized  to  a  silver  mir- 


FIG.  1 .  (Color  online)  (a)  Scanning  electron  micrographs  of  a  holographic 
polymer  photonic  crystal,  [(b)  and  (c)]  Cross  sectional  images  obtained  from 
focus  ion  beam  milling.  The  viewing  angle  is  52°. 
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Wavelength  (pm) 

FIG.  2.  (Color  online)  (a)  Reflection  and  transmission  spectra  of  the  fabri¬ 
cated  photonic  crystal  in  the  [111]  direction,  (b)  Simulation  result  from  the 
transfer  matrix  method  (dotted)  and  FDTD  (solid),  (c)  Intensity  distribution 
calculated  from  beam  parameters,  (d)  Shrinkage  incorporated  gradient  for 
thresholding,  (e)  Thresholded  polymer-air  crystal. 

ror  and  transmittance  was  normalized  with  air  as  100%.  The 
70%  peak  in  reflection  and  a  transmission  dip  of  20%  at 
1.3  /im  arise  from  the  internal  periodicity,  and  the  periodic 
oscillations  are  Fabry-Perot  fringes  arising  from  interference 
between  reflections  from  the  film’s  interfaces.  Transmittance 
plus  reflectance  is  about  90%  over  the  measured  bandwidth. 

To  rationalize  the  experimental  spectra,  a  model  struc¬ 
ture  was  constructed.  First,  the  intensity  distribution  was  cal¬ 
culated  from  the  beam  parameters  [Fig.  2(c)].  A  32%  shrink¬ 
age  perpendicular  to  the  substrate  resulting  in  a  vertical 
spacing  of  488  nm,  as  measured  by  SEM,  was  incorporated 
into  the  intensity  profile  by  resampling  the  array  along  the 
[111]  direction.  This  modified  intensity  profile  [Fig.  2(d)] 
served  as  a  gradient  for  a  binary  threshold  filter,  the  threshold 
for  which  was  determined  by  the  polymer  filling  fraction, 
which  in  turn  depends  on  the  effective  refractive  index  ne  of 
the  structure.  We  found  ne  to  be  1.364  from  the  resonance 
orders  of  the  Fabry-Perot  fringes  which  are  proportional  to 
wavenumber  and  film  thickness.  From  ne,  the  filling  fraction 
/  of  the  polymer  was  computed  from  an  effective  medium 
relationship  as 

ne  =  y]fn2p  +  (  1  -f)n2a,  (1) 

where  na- 1  and  np=  1.57,  obtained  by  measuring  the  Fabry- 
Perot  fringes  between  1.1  and  2.1  /im  of  a  cross-linked  SU8 
film  of  known  thickness.  With  ne=  1.364,  /  was  determined 
to  be  0.588  and  the  binary  threshold  for  the  modified  inten¬ 
sity  gradient  was  then  set  to  match  the  filling  fraction.  Inten¬ 
sities  greater  than  the  threshold  were  taken  to  be  polymer, 
and  air  filled  the  remainder  [Fig.  2(e)]. 

The  reflectance  and  transmittance  spectra  were  then 
computed  from  the  constructed  structure  using  the  FDTD 
method,16  as  implemented  in  a  freely  available  software 


FIG.  3.  (Color  online)  (a)  The  theoretical  3D  structure  is  approximated  (b) 
as  a  stack  of  layers,  (c)  The  filling  fraction  of  each  layer  determines  its 
effective  refractive  index. 

package  that  uses  subpixel  smoothing  algorithms  to  increase 
accuracy.17  The  theoretical  structure  [Fig.  2(e)]  was  con¬ 
structed  in  the  software  with  a  24  nm  pixel  size  resolution; 
an  adhesion  layer  and  a  glass  half-space  substrate  were  in¬ 
cluded.  The  calculated  spectra  were  plotted  as  the  solid  line 
in  Fig.  2(b). 

For  a  3D  structure  with  multiple  layers  and  a  unit  cell  of 
arbitrary  shape,  as  common  for  holograms,  FDTD  requires 
considerable  computational  power.  For  this  reason,  a  ID 
transfer  matrix  method  was  also  investigated  for  calculating 
the  reflection  and  transmission  spectra  from  the  theoretical 
structure  in  the  [111]  direction.  The  3D  structure  was  ap¬ 
proximated  as  a  stack  of  10  nm  thick  homogeneous  slices  in 
the  (111)  planes,  and  the  effective  refractive  index  of  each 
slice  was  calculated  with  Eq.  (1)  from  the  filling  fraction  of 
polymer  within  the  slice.  Both  the  adhesion  layer  and  the 
glass  substrate  halfspace  were  incorporated  into  the  calcula¬ 
tion.  Figure  3  presents  the  periodic  variation  of  filling  frac¬ 
tion  with  depth,  which  results  in  a  periodic  variation  of  ef¬ 
fective  refractive  index.  The  reflection  and  transmission 
spectra  were  computed  from  the  thicknesses  and  refractive 
indexes  of  the  slices  using  a  common  transfer  matrix 
formalism. 16  The  result  is  presented  as  the  dotted  line  in 
Fig.  2(b).  It  closely  matches  the  FDTD  result,  indicating  that 
the  ID  transfer  matrix  method  is  a  valid  approximation. 
Moreover,  the  transfer  matrix  computation  takes  minutes  to 
complete  while  the  FDTD  computation  takes  days. 

By  comparing  Figs.  2(a)  and  2(b),  it  can  be  seen  that  the 
experimental  and  calculated  spectra  match  quite  well  in  both 
peak  position  and  peak  magnitude.  The  position  of  the  main 
peak  in  the  experimental  spectra  is  only  2.5%  different  than 
the  calculated  spectra,  within  the  5%  error  of  film  thickness 
measurement  by  SEM.  It  should  be  noted  that  the  experi¬ 
mental  main  peak  was  not  used  for  constructing  the  theoret¬ 
ical  structure.  Slight  peak  broadening  of  the  experimental 
peak  indicates  some  variation  from  perfect  periodicity  in  the 
structure,  which  can  be  expected  from  any  fabrication 
method.  The  experimental  spectra  have  a  larger  background 
than  predicted  due  to  reflection  from  the  back  side  of  the 
substrate. 

One  reason  for  the  significant  increase  in  peak  reflec¬ 
tance  for  our  holographic  crystal,  as  compared  to  previous 
efforts,  is  low  absorption  by  our  photoresist  system.  Rumpf 
and  Johnson  reported  that  the  absorption  of  the  recording 
film  causes  chirping  of  the  resulting  structures,  which  in  turn 
lowers  their  reflectances. “  In  our  case,  there  was  a  negligible 
absorption  by  the  SU8  monomer  at  the  laser  wavelength  of 
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532  nm,  as  opposed  to  the  illumination  at  ultraviolet  wave¬ 
lengths.  Virtually,  all  the  absorption  in  our  system  was  from 
the  photoinitiator,  which  is  similar  in  design  to  Irgacure 
261  4  and  exhibits  a  very  low  absorption  at  532  nm  while 

possessing  sufficient  photosensitivity.  At  a  0.3  wt  %  initiator 
solid  content,  the  absorption  through  a  10  /rm  film  was  only 
2%  at  532  nm. 

Laser  beam  quality  is  also  important  for  characteristics 
of  the  fabricated  crystals.  The  laser  beam  was  expanded  to 
reduce  intensity  variation  over  its  diameter  and  cleaned  with 
a  spatial  filter;  all  optical  components  were  carefully  cleaned 
and  the  beam  was  profiled  after  each  component  to  ensure 
quality.  The  Gaussian  beam’s  intensity  dropped  approxi¬ 
mately  10%  from  its  center  to  a  radius  of  1  mm.  In  our 
typical  holograms,  the  middle  1  -2  mm  diameter  portion  ex¬ 
hibited  high  reflectivity. 

In  conclusion,  we  obtained  high  quality  photonic  crystals 
by  holographic  lithography.  Optimization  of  the  photoresist 
initiation  system  led  to  a  significant  increase  in  peak  reflec¬ 
tance  as  compared  with  previously  reported  holograms.  We 
constructed  a  3D  representation  of  the  crystal  structure  from 
SEM  and  optical  spectroscopy,  and  showed  close  agreement 
between  the  measured  and  the  calculated  spectra  from  both 
FDTD  and  ID  transfer  matrix  methods.  The  latter  can  be 
used  with  acceptable  accuracy  in  a  small  fraction  of  the  time 
required  by  the  former.  Current  thick  photoresist  systems  for 
holographic  photonic  crystal  fabrication  exhibit  non- 
negligible  shrinkage  perpendicular  to  the  substrate.  We  be¬ 
lieve  our  approach  to  shrinkage  compensation  by  fabricating 
elongated  structures  and  simulating  optical  spectra  with 
shrinkage  incorporated  provides  a  good  pathway  to  explore 
the  optical  properties  of  symmetric  holographic  photonic 
crystals  with  the  ultimate  goal  of  manufacturing  devices 
from  them. 
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